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An automated procedure i s  presented f o r  eva lua t ing  t h e  m a t e r i a l  
parameters i n  Walker 's exponent ia l  v i s c o p l a s t i c  c o n s t i t u t i v e  model f o r  metals 
a t  e levated temperature. Both phys ica l  and numerical approximations are 
u t i l i z e d  t o  compute the constants f o r  Inconel  718 a t  1100°F. When 
in te rmed ia te  r e s u l t s  are c a r e f u l l y  s c r u t i n i z e d  and engineer ing judgement 
appl ied,  parameters may be computed which y i e l d  s t r e s s  ou tpu t  h i s t o r i e s  t h a t  
a re  i n  agreement w i t h  experimental resu l ts .  A q u a l i t a t i v e  assessment o f  t h e  
a - p l o t  method f o r  p r e d i c t i n g  the l i m i t i n g  value o f  s t r e s s  i s  a l s o  
presented. The procedure may a lso  be used as a bas is  t o  develop e v a l u a t i o n  




A l a r g e  number o f  u n i f i e d  v i s c o p l a s t i c  t h e o r i e s  a re  c u r r e n t l y  be ing 
developed f o r  me ta l s I1 ) .  These models genera l l y .  r e q u i r e  t h e  e v a l u a t i o n  o f  
numerous m a t e r i a l  parameters before they can be u t i l i z e d .  These constants  a re  
h i g h l y  coupled t o  one another, and, due t o  the  n o n l i n e a r i t y  and s t i f f n e s s  o f  
t h e  governing equations, they are d i f f i c u l t  t o  evaluate. The e v a l u a t i o n  o f  
these parameters i s  normal ly accomplished i n  a h e u r i s t i c  way due t o  t h e  
complex i ty  o f  t h e  models, so t h a t  the  values o f  t he  constants are dependent on 
t h e  person eva lua t i ng  them. The purpose o f  t h i s  research was t o  develop an 
automated procedure f o r  the eva lua t i on  o f  m a t e r i a l  parameters u t i l i z e d  i n  
Walker 's  exponent ia l  v i s c o p l a s t i c  c o n s t i t u t i v e  model f o r  meta ls  a t  e leva ted  
temperature(2,3]. The procedure developed h e r e i n  e n t a i l s  a synthes is  # o f  
p h y s i c a l  and numerical approximations which use var ious combinations of 
exper imental  data, as w e l l  as engineer ing i n t u i t i o n  t o  determine t h e  
constants.  The impetus f o r  t h i s  work was two-fold.  F i r s t ,  automated 
procedures f o r  determin ing the  m a t e r i a l  parameters are needed i f  s tandard ized 
m a t e r i a l  parameters a re  ewer t o  be rea l i zed .  Second, i n  o rde r  t o  improve t h e  
present  theo r ies ,  a thorough understanding o f  t h e  approximat ions and/or 
assumptions made d u r i n g  t h e i r  development and subsequent usage i s  requi red.  
Whi le t h e  model developed by Walker i s  on l y  one o f  many c u r r e n t l y  be ing 
used, s i m i l a r i t i e s  a re  notable i n  a number o f  o t h e r  t h e o r i e s  such as those 
proposed by Krieg, Swearengen, and Rhodel4) , Bodnerl31 , and Schmidt and 
M i l l e r I 5 ) .  Therefore,  i t  i s  be l ieved by these authors t h a t  t h e  general  




The model proposed by Walker i s  a v i s c o p l a s t i c  theory which uses a f l o w  
law f o r  t h e  i n e l a s t i c  s t r a i n  ra te ,  which i s  an exponent ia l  i n  s t ress.  The 
growth law modeling back s t ress  i s  o f  t he  hardening/recovery form and accounts 
f o r  bo th  dynamic and s t a t i c  thermal recovery. The drag s t r e s s  term models 
i s o t r o p i c  hardening, thus accounting f o r  the c y c l i c  hardening o r  s o f t e n i n g  
c h a r a c t e r i s t i c s  o f  metals. The u n i a x i a l  d i f f e r e n t i a l  form o f  Walker 's 
exponent ia l  model may be w r i t t e n  as: 
where o i s  t h e  app l i ed  s t ress,  E' i s  t he  i n e l a s t i c  s t r a i n ,  B i s  t h e  back 
s t ress ,  and D i s  t he  drag s t ress.  A superposed dot  above t h e  v a r i a b l e s  
denotes d i f f e r e n t i a t i o n  w i t h  respect t o  time. The m a t e r i a l  parameters f o r  
t h i s  model a re  6 ,  n 2 ¶  n3 ,  n,, n5,  n6, n,, D,, and D, . Therefore,  n i n e  
constants  need t o  be evaluated, i n  a d d i t i o n  t o  Young's Modulus E and t h e  
s t r a i n  ag ing parameter R, . These same constants are r e q u i r e d  f o r  t h e  
m u l t i a x i a l  f o rmu la t i on ,  i n  a d d i t i o n  t o  Poisson's r a t i o .  
The experiments requ i red  t o  determine the  constants f o r  Walker 's model 
us ing  t h e  procedure developed he re in  include: 1) A s e r i e s  o f  constant  s t r a i n  
r a t e  steady s t a t e  h y s t e r e s i s  loops under f u l l y  reversed s t r a i n  c o n t r o l l e d  
c o n d i t i o n s  (F ig .  1); 2) c y c l i c  ho ld  t e s t s  performed on t h e  unloading branch of 
t h e  c y c l i c  t e s t s  (Fig.,?); and 3)  long term monotonic tens ion  t e s t s  (Fig. 3) .  
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The cycl ic  hold t e s t s  are used t o  measure the back s t ress  and are performed by 
cycling a material u n t i l  saturated conditions are reached. Hold times are  
t h e n  inserted a t  various points i n  the unloading. region as shown i n  F i g .  2. 
If the t e s t  frame is  i n  load control, then the back s t ress  is equal t o  the 
applied s t r e s s  when no creep is  observed for  a given hold time. 
The monotonic tension and cyclic hold t e s t s  are used t o  evaluate the 
material parameters found i n  the inelast ic  s t r a i n  ra te  equation and the back 
s t r e s s  growth law, whereas the cyclic hysteresis t e s t s  are used primarily t o  
obtain constants for  the isotropic hardening variable. The monotonic t e s t s  
may not be necessary i f  acceptable values of the limiting s t ress  (olim) can be 
obtained from the f i r s t  half cycle of the cyclic t e s t s .  The aforementioned 
experiments were performed on Inconel 718 a t  1100" F. A complete description 
of the t e s t  procedures and resul ts  may be found i n  reference [SI. 
D E T E R M I N A T I O N  OF THE CONSTANTS 
The procedure for  determining the material parameters i n  Walker's theory 
i s  described i n  the ensuing paragraphs. The equations, which are a resu l t  of 
both physical and numerical approximations, can be coalesced into a single 
interact ive computer code. Since approximations are made, from time t o  time 
the user may have t o  judiciously select  some constants i n  order t o  complete 
the constant calculation process. The reason for  th i s  can be an insufficient 
data base, poor experimental resul ts ,  or a material response that  the model 
cannot handle. 
Evaluation o f  the material parameters begins by plotting slim versus 
I n  ( ; I )  . A nonlinear representation s ignif ies  that  s t r a i n  aging and/or 
thermal recovery effects  are present and t h u s  need t o  be modeled. If  slim i s  
not obtained experimentally, i t  can be estimated in a manner similar t o  t h a t  
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proposed by Lindholm, e t  a l . [21.  
i s  t o  be estimated, then under c o n d i t i o n s  o f  u n i a x i a l  t ens ion  
loading, when i s  assumed t o  be a constant and equal t o  the  app l i ed  s t r a i n  
r a t e  and e x p ( e )  >> 1 
If ‘ l i m  
,eq. (1) may be w r i t t e n  as: 
Using t h e  e v o l u t i o n  equat ion d e f i n i n g  the  back s t ress  (eq. (2 ) )  and t h e  
assumption t h a t  0 remains constant du r ing  monotonic loading,  
I then do/de ( o r  0 )  may be w r i t t e n  as: 
Thus, equat ions (5 )  and (6) can be combined, y i e l d i n g  
where 
R - 1  N = n3 + n,, exp(-n, l log(-)()  + n,/E . 
R o  
Therefore, equat ion (7 )  i n d i c a t e s  t h a t  a p l o t  o f  o versus o should be l i n e a r  
a t  low i n e l a s t i c  s t r a i n s ,  having a s lope o f  N and an x - i n t e r c e p t  o f  olim . 
The e -  p l o t  i s  obta ined by p l o t t i n g  s t ress  versus i n e l a s t i c  s t r a i n  (as shown 
i n  F ig.  4 ( a ) )  t o  f i n d  . (E ),  which i n  general i s  a nth o rde r  polynomial .  Th is  
f u n c t i o n  i s  t h e n  numer i ca l l y  d i f f e r e n t i a t e d  and p l o t t e d  versus s t r e s s  t o  
produce t h e  e -  p l o t  (see Fig.  4 ( b ) ) .  Hence, values o f  N and olim can be 
I 
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obta lned f o r  each monotonic tens ion  t e s t  us lng a l l n e a r  reg ress ion  scheme. If 
acceptable values o f  olim a re  obtained exper imental ly,  t h e  e- p l o t  may s t i l l  
be used t o  determine N. I n  t h l s  s l t u a t l o n ,  t he  l lnear  f i t  r e s u l t s  i n  a s lope 
which i s  f o rced  t o  pass through ol,, . 
The constant n5 i s  computed 
aging i s  considered n e g l i g i b l e  and 
by determining 
may be w r i t t e n  
where the  e f f e c t  o f  s t r a i n  
as: 
The constants  R, and R, represent the  s t r a i n  r a t e  a t  which t h e  s t r a i n  aging 
c o r r e c t i o n  i s  a maximum and minimum, respec t i ve l y ,  and T denotes t h e  r e s i d u a l  
c o r r e c t i o n  a t  r a t e  R ,  . It should be noted t h a t  T a lso  a f f e c t s  t h e  r a t e  o f  
decay o f  t h e  s t r a i n  aging c o r r e c t i o n  and s e l e c t i o n  o f  t o o  smal l  a va lue w i l l  
r e s u l t  i n  a very l o c a l i z e d  co r rec t i on .  
The nex t  s tep  i n  t h i s  procedure i s  t o  compute t h e  dynamic and s t a t i c  
thermal recovery constants n3, n4, and n6  us ing equat ion (8) .  Assuming t h a t  a 
l i m i t i n g  value o f  s t r e s s  has been obtained, then E = ; '  and eq. (8) can be 
w r i t t e n  a number o f  t imes, corresponding t o  t h e  d i f f e r e n t  monotonic t e s t s  
(denoted by t he  subsc r ip t  i) as: 
* I  
Ni = n3  + n,fi + nJEi , 
where 
ri, 
fi = exp(-n, l log (-)I) 
R, 
Thus, t h e  t h r e e  parameters n3, n4, and n6 
(11) 
may be obta ined s imul taneously  
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us ing  a m u l t i p l e  l i n e a r  regress ion scheme. A p l o t  o f  t h i s  curve f i t  w i l l  
i n d i c a t e  i f  acceptable values o f  t he  dynamic and thermal recovery parameters 
have been found. I n  the  event t h a t  poor r e s u l t s  a re  obta ined (as shown i n  
Fig.5) , one o f  t h e  f o l l o w i n g  ac t i ons  can be taken: 1) The d a t a  base cai be 
s c r y t i n i z e d  more c a r e f u l l y ,  us ing a d d i t i o n a l  t e s t s  t o  cap tu re  t h e  des r e d  
e f f e c t  o r  d e l e t i n g  t e s t s  t h a t  do no t  appear consis tent ;  2) values o f  
n3, n,,and nb can be assigned using engineer ing i n t u i t i o n ;  o r  3) an 
uncoupled method ( t o  be discussed below) f o r  eva lua t i ng  t h e  constants  can be 
used. 
The uncoupled fo rmu la t i on  assumes t h a t  thermal recovery e f f e c t s  can be 
neglected f o r  h i g h  s t r a i n  r a t e  t e s t s .  Thus, eq. (10) may be w r i t t e n  as: 
i '  N.= n3+ n ,f 1 
Therefore,  n3 and n,, can be computed by a l i n e a r  l e a s t  squares a l g o r i t h m  
where n 3  i s  t h e  i n t e r c e p t  and nk i s  t he  s lope (see F ig .  5 ) .  I f  t h i s  
method i s  used, t h e  constant n b  should be i n i t i a l l y  s e t  t o  ze ro  and 
determined l a t e r  i n  t h e  procedure. 
The hardening c o e f f i c i e n t  n 2  i s  computed on the  bas i s  t h a t  B sa tu ra tes  t o  
B l i m  a t  l a r g e  i n e l a s t i c  s t r a i n s .  Hence, B=O and equat ion (2) reduces t o  
If i t  i s  assumed t h a t  the r a t i o  o ~ ~ ~ / B ~ ~ ~  w i l l  remain constant f o r  t h e  
l i m i t i n g  c o n d i t i o n  a t  s u f f i c i e n t l y  l a rge  i n e l a s t i c  s t r a i n s ,  then 
'exp 1 i m  
'e xp ' l i m  
= -  
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S u b s t i t u t i n g  eq. (13)  i n t o  (14) and s o l v i n g  f o r  n 2  r e s u l t s  i n  
where olim values are obtained from long 
o r  o - p l o t s  and Bexp/oexp values come from cyc 
monotonic t e n s i o n  t e s t s  
d t e s t s .  The f i n a l  va lue 
o f  t h e  hardening c o e f f i c i e n t  i s  then computed as the  a r i t h m e t i c  mean o f  t h e  
number o f  experiments. I f  an acceptable value o f  n 2  i s  n o t  obtained, i t  can 
be s p e c i f i e d ,  n o t i n g  t h a t  t h i s  parameter e f f e c t s  t h e  r a t e  o f  hardening. 
The i n i t i a l  value o f  drag s t ress  Do  and the  i n e l a s t i c  s t r a i n  r a t e  
s c a l a r  B are  determined by r e w r i t i n g  equat ion (15) us ing  t h e  l i m i t i n g  values 
o f  a and B as: 
Since Blim i s  g i ven  by equat ion (13) ,  i t  can be s u b s t i t u t e d  i n t o  equat ion 
(16),  r e s u l t i n g  i n  
n ?  
= D,,ln(L1) + Do ln (8 )  . 6 0 ~  ' O l i m  n 3  + n,f + n,/E - 1  
Equat ion ( 1 7 )  i n d i c a t e s  t h a t  a p l o t  of versus ln(L1) should be l i n e a r  
. ( the piecewise curve shown i n  F i g .  6 i s  an a r t i f a c t  o f  t he  s t r a i n  aging 
c o r r e c t i o n  i n  the dynamic recovery t e r m  of t he  back s t r e s s  e v o l u t i o n  
equat ion),  having a s lope of 0, and an i n t e r c e p t  o f  0 l n ( 6 )  wh ch a re  obtained 




value o f  the in te rcept  i s  known. 
I f  thermal recovery e f fec ts  were prev ious ly  neglected, the 
are known, constant n6 can now be evaluated. Since B and D o ,  n2, n3, and n4 
eq. (13) can be subst i tu ted i n t o  eq. (16) y i e l d i n g  an expression f o r  n6 : 
The thermal recovery parameter i s  then computed f o r  a number o f  low s t r a i n  
r a t e  monotonic tension tes ts  and averaged. 
Up t o  t h i s  po in t ,  the only tes ts  t h a t  are needed i n  order t o  compute the 
mater ia l  parameters are monotonic tension and c y c l i c  ho ld tests.  To ob ta in  
the i s o t r o p i c  hardening and recovery constants D,, 0,. and n7, saturated 
c y c l i c  hysteres is  data are required. By est imat ing the cumulative i n e l a s t i c  
s t r a i n  from appl ied stress, s t r a i n  amplitude, and E, i n  add i t i on  t o  assuming 
tha t  D saturates t o  D l  , then n, can be approximated by: 
where RaVg i s  the average o f  R f o r  a number o f  t e s t s  and T i s  a number 
approaching zero. 
On the physical  basis t h a t  B saturates much more rap id l y  than 0, equation 
( 5 )  can be w r i t t e n  as: 
where 
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Blim = n,/N . 
The va lues o f  olim and N i n  equations (20) and (21) are est imated from 
t h e  o - p l o t  us ing  data from the  tens ion  h a l f - c y c l e  a f t e r  c y c l i c  s a t u r a t i o n  has 
occurred. I f  several  t e s t s  are used, D, i s  computed as the a r i t h m e t i c  mean. 
The f i n a l  parameter t o  be determined i s  D, . When R=O equa t ion  (3)  
reduces t o  
0 
D o  = D, - D, , 
from which D, may be computed d i r e c t l y ,  completing the  constant c a l c u l a t i o n  
procedure. 
The pr imary equations used i n  t h e  procedure descr ibed above a re  
sumnerized below and a f l o w  c h a r t  of the associated computer code i s  shown i n  
Fig.  7. The program i s  w r i t t e n  t o  compute the  constants i n  a t o t a l l y  
automated fash ion  o r ,  a l t e r n a t e l y ,  t he  parameters can be mod i f i ed  and/or 
recomputed through user i n te rven t ion .  While the  f l o w  c h a r t  d e p i c t s  t h e  
procedure as a sequent ia l  se r ies  of evaluat ions,  t h e  user  may a l t e r  t h e  
program f l o w  t o  i t e r a t e  on a s p e c i f i c  constant or se r ies  o f  constants. 
1) Values o f  alim and N from monotonic tens ion  t e s t s  
a re  computed us ing equat ion (7)  and a l e a s t  
squares procedure. 
2) A f t e r  s e l e c t i n g  R , ,  R , ,  and 7 ,  n5  i s  evaluated 
us ing equat ion (9 ) .  
The parameters n,, n4,  and n b  are determined, i n  a 
coupled formulat ion,  by equat ions.  (10) and (11) 
us ing  a m u l t i p l e  l i n e a r  regress ion scheme, o r  
3 )  
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a1 t e rna te ly ,  u s ing  an uncoupled formulation by 
equations (12) and (18). 
4) The back s t r e s s  hardening coe f f i c i en t  n 2  i s  
computed d i r e c t l y  from equation (15).  
5) The constants  D, and 6 are  evaluated u s i n g  
equation ( 1 7 )  via a l ea s t  squares procedure. 
6) After computing the cumulative i n e l a s t i c  s t r a i n  
from the experimental da ta ,  n, i s  evaluated 
d i r e c t l y  from equation (19). 
7)  0, and 0, a re  computed using equation (20) and 
(22) 
DISCUSSION OF THE PROCEDURE AND RESULTS 
The parameter evaluat ion program, described i n  the  previous sec t ion ,  does 
not requi re  an e n t i r e  experimental data base. Instead, summary information 
w h i c h  is  composed of both measured quant i t ies  and pre-processed values is a l l  
t h a t  is necessary. Data tabulated from f u l l y  reversed cyc l i c  tests, cyc l i c  
hold tests and long term monotonic tension t e s t s  on Inconel 718 a t  1100" F may 
be found i n  Table 1. These data  were used t o  compute an i n i t i a l  s e t  o f  
constants  ( see  Table 2)  i n  a t o t a l l y  automated fashion. Comparisons between 
Walker's exponential model and several  tension experiments may be seen i n  
F ig . ' s  8-10. I t  i s  apparent t h a t  the i n i t i a l  s e t  of parameters d i d  not enable 
the  model t o  capture the  t r u e  response of the mater ia l .  Therefore, a c r i t i c a l  
review of both the  procedure and experimental data  was necessary. 
For the purpose of t h i s  discussion,  i t  was assumed t h a t  the da ta  base 
accurately represented the material behavior. Therefore, s t eps  i n  t he  
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procedure which requ i re  user i n te rp re ta t i on  were examined f i r s t  and the  
fo l l ow ing  observations were made. 
When const ruct ing the e-plot, there are several po in ts  t o  consider. 
F i r s t ,  proper evaluat ion o f  slim and N requ i re  t h a t  c be computed 
a f t e r  i becomes constant. This i s  general ly assumed t o  occur a t  the  0.2% 
o f f s e t  y i e l d  stress. However, i f  t h i s  i s  not true, the computed value o f  N 
w i l l  be too large, which i n  t u r n  w i l l  y i e l d  a value o f  ulim tha t  i s  too  low. 
A second area o f  i n t e r e s t  i s  i n  the d i f f e r e n t i a t i o n  o f  the u versus 
Usual ly the s t ress i s  expressed as an n th  order polynomial 
f unc t i on  o f  the i n e l a s t i c  s t ra in .  However,, depending upon the v i scop las t i c  
model and mater ia l  system, a logar i thmic,  power law o r  exponential curve f i t  
may be more su i tab le.  In  addi t ion,  a f i n i t e  d i f fe rence approximation can be 
used, thus. e l im ina t i ng  the curve f i t t i n g  requirement al together.  Since a poor 
curve f i t  w i l l  y i e l d  a e-plot  t ha t  i s  d i f f i c u l t  t o  i n te rp re t ,  care should be 
taken i n  se lec t ing  the proper form o f  the equation. Last ly,  one needs t o  
consider the s t r a i n  amp1 i tude necessary t o  ob ta in  an accurate p r e d i c t i o n  o f  
I 
I 
E '  curve. 
l i m  U 
The e-p lo ts  f o r  the mater ia l  system considered here in  were constructed 
us ing a combination o f  t h i r d  and fou r th  order polynominal curve f i t s  (see Fig. 
4). Figure 11 shows t h a t  the values of N are scattered and have no s p e c i f i c  
t rends when they are p l o t t e d  against ln(k). I n  a s i m i l a r  fashion, Fig. 12 
shows anomalies i n  the p red ic t i on  o f  slim. While the sigmoidal shape o f  the 
curve was expected, the large discrepancies make i n t e r p r e t a t i o n  d i f f i c u l t .  
To i l l u s t r a t e  how sca t te r  such as t h a t  depicted i n  F ig. 's  11 and 12 can 
occur, consider the fo l low ing  points.  F i r s t ,  Fig. 13 shows a e-p lo t  
constructed using a fou r th  order polynomial curve f i t, evaluat ing U(E ) over 
var ious s t r a i n  amplitudes. While there i s  on ly  a 6% change i n  
I 
328 
p r e d i c t e d  slim, t h e r e  i s  over a 50% change i n  N. Some o f  t h e  discrepancy can 
be a t t r i b u t e d  t o  t h e  f a c t  t h a t  was no t  constant. I n  add i t i on ,  t h e  o rde r  o f  
t h e  curve f i t  d r a s t i c a l l y  changed the shape o f  t h e  e - p l o t  making 
i n t e r p r e t a t i o n  d i f f i c u l t  . Second, F ig .  14 shows a e -p lo t  generated from a 
l o g a r i t h m i c  curve f i t .  While not  shown, e v a l u a t i o n  o f  slim and N over 
d i f f e r e n t  s t r a i n  ampli tudes d i d  no t  adversely a f f e c t  t h e i r  values. F i n a l l y ,  
Fig. 15 d e p i c t s  a e -p lo t  const ructed using f i n i t e  d i f ferences.  It i s  apparent 
t h a t  numerical  d i f f e r e n t i a t i o n  by t h i s  method y i e l d s  unacceptable r e s u l t s .  I n  
sumnary, one must c a r e f u l l y  consider bo th  the c o n s t i t u t i v e  model and m a t e r i a l  
system be fo re  s e l e c t i n g  the  t ype  o f  curve f i t  t h a t  w i l l  be used i n  t h e  
c o n s t r u c t i o n  o f  t h e  e -p lo t .  
I t  was a l s o  determined t h a t  t he  m u l t i p l e  l i n e a r  reg ress ion  scheme used t o  
compute dynamic and s t a t i c  thermal recovery constants i n  a coupled f a s h i o n  d i d  
n o t  work w e l l  when t h e  m a t e r i a l  e x h i b i t e d  subs tan t i a l  s t r a i n  aging. Therefore, 
by n e g l e c t i n g  thermal recovery, n3 and n4 were computed us ing  an uncoupled 
procedure. F igures 8 through 10 show t h a t  Walker 's model, us ing  t h e  f i n a l  
parameters (see Table 2 ) ,  was able t o  reproduce t h e  i n p u t  da ta  f a i r l y  w e l l  
except i n  t h e  i n i t i a l  y i e l d  region. Test 80 showed t h e  l a r g e s t  d e v i a t i o n  
between a c t u a l  and p red ic ted  s t ress,  underest imat ing i t  by 6% a t  a s t r a i n  
amp1 i t u d e  o f  0.8%. 
F igures 16 through 18 show the  model behavior f o r  t he  l a s t  c y c l e  of 
severa l  c y c l i c  h y s t e r e s i s  tes ts .  Figures 17 and 18 i n d i c a t e  t h a t  t h e  computed 
va lue o f  D ,  was t o o  large,  which r e s u l t e d  i n  an excess o f  m a t e r i a l  s o f t e n i n g  
under c y c l i c  loading. However, t h e  opposi te t r e n d  can be seen i n  F ig.  16 
( t e s t  86 was the  f a s t e s t  c y c l i c  t e s t  run),  wherein t h e  peak s t r e s s  ampl i tude 
was overpredic ted.  A rev iew o f  t h e  monotonic tens ion  data r e v e a l s  t h e  same 
tendency. This  would lead t o  the conclus ion t h a t  t he  f u l l  e f f e c t  of t h e  
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s t r a i n  aging c o r r e c t i o n  was no t  captured. 
A complex h i s t o r y  t e s t  (one which was not  used t o  evaluate t h e  constants)  
was used t o  show the  p r e d i c t i v e  c a p a b i l i t i e s  o f  Walker 's model us ing  t h e  f i n a l  
s e t  o f  parameters. In  general ,  Fig.  19 i n d i c a t e s  t h e  numerical  s i m u l a t i o n  
matches t h e  t e s t  f a i r l y  w e l l .  The on ly  major problem encountered was a 7.5% 
o v e r p r e d i c t i o n  i n  s t ress  a t  l a r g e  s t r a i n  amplitudes. 
CONCLUSIONS 
A method f o r  o b t a i n i n g  the ma te r ia l  parameters f o r  Walker 's model has 
been developed which i s  a synthesis o f  bo th  phys i ca l  and numerical  
approximations. The associated computer a lgo r i t hm al lows t h e  user  t o  s p e c i f y  
e i t h e r  a t o t a l l y  automated procedure o r  engineer ing i n t u i t i o n  a t  se lec ted  
p o i n t s  when computing constants. I n  addi t ion,  q u a l i t a t i v e  assessments were 
made rega rd ing  the  use of t he  e -p lo t  i n  determining slim and N. I t  was noted 
t h a t  t h e  method o f  d i f f e r e n t i a t i n g  the  o versus E '  curve depends on bo th  t h e  
c o n s t i t u t i v e  model being used and t h e  ma te r ia l  system. 
Walker 's  v i s c o p l a s t i c  c o n s t i t u t i v e  model f o r  metals a t  e levated 
temperature was compared t o  experiment r e s u l t s  f o r  Inconel  718 a t  1100°F. 
This  m a t e r i a l  system responds w i t h  apparent s t r a i n  aging, undergoes c y c l i c  
work sof ten ing,  and i s  suscept ib le  t o  low c y c l e  fa t i gue .  I t  was shown t h a t  
Walker 's  model was able t o  capture the  response o f  t h e  m a t e r i a l .  It has a l s o  
been shown t h a t  t he  use o f  t he  l i n e a r i z e d  equations can lead t o  unacceptable 
s imu la t i ons  i f  care i s  n o t  used t o  i n t e r p r e t  t h e  r e s u l t s .  The procedure 
y i e l d s  i n i t i a l  values f o r  t he  constants which may then be used i n  an i t e r a t i v e  
scheme t o  a r r i v e  a t  t he  f i n a l  parameters. 
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F i g u r e  1. C y c l i c  H y s t e r e s i s  Test 
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Hold time 1: 
Back Stress < U 
Hold time 2: 
Back Stress = U 
Hold time 3: 
Back Stress > 0 
Figure 2 .  Cyclic Hysteresis Test with Hold Times 
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-,E 
Figure 3. Long Term Monotonic Tension Test 
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curve  f i t  I 
- E :  
F i g u r e  4 ( a ) .  Stress v e r s u s  i n e l a s t i c  s t r a i n  
F i g u r e  4 ( b ) .  T y p i c a l  @-plo t  
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ln(i> 
0 values of N obtained from the 0-plots 
- "3, n4, and n6 obtained simultaneously 
using a multiple linear regression scheme 
c-- n3 and n4 computed using a linear 
regression scheme 
Figure 5. Least squares fit of N as a function 
iI (note: the abscissa is shown as 
ln(C) instead of E: for pictorial 
purposes only) 
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1 1 I I I 
Data t o  be f i t  - 
---- Resul t  of l i n e a r  r e g r e s s i o n  a n a l y s i s  
F igure  6 .  L e a s t  squares  f i t  of 6 , ~  a s  a f u n c t i o n  
l n ( t 1 )  
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- 
Compute 011. 6 N from # plot 
Select &, Rl. and r .  Compute 
"5 
Uhat used tests o COmpUtb will be rn 1- 
"3. nk, and ng? ye8 Use thb coupled no 
Compute constants .c_ method to compute - 
Recalculate or "3. w,, bnd "67 f enter new values 3 J 
> 
0 What used tests o  compute Vi11 be 
I: enter new values) 
n3 and nb? 
Compute constants 
e Recalculate or 
i 
e What tests will be used t o  
Coapxce constant 
coopute nb? 
Recalculate or enter new I 
~~ 
What t e s t s  rill bb used to 
Compute constant 
8 Rccalculata or enter new 
compute 1127 
3 I: value 
i 
b'hsr tests vi11 be used to 
Compute constants 
compute D2 
compute D1 and "71 
What tests ril l  be used to 
compute 4 and Do? 
Colspute constants 
Recalcuhte or enter new 3 c values 
i 
[ ] Modifications requiring user intervention 
Figure 7. Flowchart of Walker's Procedure 
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I n i t i a l  
Parameters Values 
F i n a l  
Values 
B (sec)  
D 1  ( k s i )  
D2 ( k s i )  
i n / i n / s e c  
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E ( k s i )  




























Tab le  2. Parameters f o r  Walker 's  model 
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T E S T  70 -- S T R R I N  R R T E  L 3.151E-3ISEC 
_..----..- WRLKER MODEL I F  I N R L  P R R R M E T E R S  1 
- - - -  WALKER MODEL IIN!TIRL P R R R M E T E R S I  
0.0 .002 .004 .006 .008 .010 .012 .C 14 
S t r a i n  ( in / in)  
Figure 8. Comparison of Walker's model with initial and 
final parameters to Test 70-a long term 
monotonic tension test. 
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TEST BO -- S T R R I N  RRTE = 3 - 0 5 4 E - S l S E C  
_.__._._.. URLKER ?lDOEL ( F I N i 3 L  FRRRRETERS)  
- - - -  URLKER RDDEL IINITIRL PRRRtlETERS)  
0.0 . 002  .004 .006 .008 .010 .012 .O i 4 
S t r a i n  ( in / in)  
Figure 9. Comparison of Walker's model with initial 
and final parameters to Test 80-a short 















- T E S T  71 -- S T R A I N  R A T E  7 . 2 5 3 E - 6 1 S E C  
_.___._... H R L K E R  NODEL I F I N R L  P R R R M E T E R S )  
- - - -  WALKER MODEL I l N l T I R L  P A R R M E T E R S I  
/ 







Strain ( in/ in)  
Figure 10. Comparison of Walker's model with initial 
and final parameters 
term monotonic tension test. 



































1 S O  
1 .oo 
0.50 
1.21s rtmln ampntudo 
\ 
2.1% straln arnplltude + i\ 
N1 .21% 
/ N3.47% < N2.1% < N1.21% 
01.21% < 02.1% < O3.47% 
Stress (KSI) 
0 
Figure 13. 0-plot using a 4th order polynomial fit, evaluating 
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** *( *** * *** 
* = *a*#+* * * *<* 
* $*  *** * * 
*3b it * *  **"i"c 3 I C *  
** ** 
#* "4 * 
* * *  
* 
* *  
0 
F i g u r e  1 5 .  0-p lo t  c o n s t r u c t e d  by f i n i t e  d i f f e r e n c e  
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TEST 86 I C Y C L E  101 -- S T R R l N  RRTE = I.002E-3/SEC 
.._____... WALKER HODEL I F I N R L  PRRRHETERS) 
S t r a i n  ( in/ in)  
Figure 16. Comparison of Walker's model to the last 
cycle of Test 86. 
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T E S T  80 ( C Y C L E  101 -- S T R A I N  RATE z 3 . 0 5 4 E - S / S E C  
_._-..---- WALKER MODEL [ F I N A L  PRRRMETERSI 




- 150.0 2 
-.010 -.008 - .006 -.004 -.002 0.0 .002 .004 .0@6 .OOS .010 
Strain ( in / in)  
Figure 1 7 .  Comparison of Walker's model t o  the l a s t  
cycle of Test 80. 
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- T E S T  7 2  I C Y C L E  4 1  -- S T R R I N  R R T E  = 7 . 6 2 6 E - 6 I S E C  
__._..___. U R L K E R  t lODEL L F l N R L  P R R R R E T E R S !  
St ra in  ( in/ in)  
Figure  18. Comparison of Walker's model t o  t h e  l a s t  
cyc le  of T e s t  72. 
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-TEST 69 -- COflPLEX INPUT HISTORY 











- 1 0o.c 




-.012 -.008 -.004 0.0 .004 .008 .G1 2 .O 1 6 
S t r a i n  ( in/ in)  
Figure 19. Comparison of Wall.er's model to a 
complex history test. 
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